My purpose here is to provide brief historical overviews of three related subjects conceptually fundamental to the broader subject of ''cell adhesion in development.'' These subjects are (1) the evolution of our present understanding of how animal cells cohere; (2) the question of what principles underlie the ability of embryonic cell populations to organize themselves into anatomically correct structures; and (3) the ongoing effort to understand the origins of the ''recognition specificity'' evinced in the latter phenomenon. Because this review must be brief, it is not possible to mention all of the significant advances, many of which will be referenced in a recent more detailed review of this subject (Grunwald, 1991). For the same reason, the important work on cell adhesion in nonvertebrate systems is not included. ᭧
''Intercellular Cement'' or ''Ground Substance'' lar aggregation and disaggregation, mass cellular movements such as stretchings and foldings, gradient and field The idea that tissue cells in general are held together by phenomena, regulation, mutant developmental abnormalian intercellular cement can be traced to the work of von ties, all might find a rationale at least in part in such a Recklinghausen (1862) on squamous epithelia. The expericomplex bio-physico-chemical matrix.'' He went on to promental separation of living cells seems to have originated pose that this matrix might be a kind of reaction vehicle with the work of Schiefferdecker (1886) , who separated epifor embryonic inductions. Moscona (1960) believed he had dermis from dermis by incubation in a pancreatic extract.
visualized this material, which he dubbed ''ECM'' for ''exThe success of this procedure clearly implied that these tracellular material,'' in preparations of trypsin-dissociated tissues were connected via a proteinaceous material and cells. Among its characteristics was digestibility by crude contributed to the widely held view that not only cells of pancreatic preparations but not by crystalline trypsin. He the connective tissue but tissue cells in general, including offered ''a postulation that considers the ECM substratum epithelial cells, are held together by an ''intercellular ceas . . . a system combining the functions of a cell-bonding ment'' or ''ground substance '' (Gray, 1926) . This view was framework and an 'information' network . . . carrying and adopted by Moscona and reinforced by his demonstration transmitting a multiplicity of signals directed to a multithat chick embryonic tissues could be dissociated by trypsin plicity of responding mechanisms in cells.'' This conception into single cells (Moscona, 1952; Moscona and Moscona, was almost universally accepted by developmental biolo-1952). It was still prevalent as late as 1960 (Rinaldini, 1958;  gists at the time as leading the way to a molecular under- Moscona, 1960) . Grobstein (1954) , citing Baitsell's (1925) standing of morphogenesis. However, the pancreatic enexposition of this view, wrote ''He saw it as a homogeneous, zyme that digested this material was soon identified as gelatinous material secreted by the cells within which the DNase and the ''ECM'' itself as DNA released from broken various specialized fibers of the adult gradually condensed. '' cells and gelled by the action of the trypsin used to dissociPaul Weiss (1933) accepted this view, writing ''The interior ate them (Steinberg, 1962a (Steinberg, , 1963a Moscona, 1962) . architecture of the body, as expressed by the arrangement
Calcium Ions
of cells and intercellular formations, is to a certain extent determined by the ultrastructural organization of the colloiIt had been known since the work of Ringer (1890) and Herbst (1900) that some kinds of cells could be separated dal continuum which fills the interior of the organism.'' from each other in calcium-free media. Schmitt (1941 Schmitt ( ) proet al., 1980 Schmitt ( , 1981 Thomas et al., 1981a,b; Magnani et al., 1981) . The prevention by Ca 2/ posed that Ca 2/ might act by desolvating the negatively charged cell surfaces, permitting close contact between apof the appearance of the aggregation lag produced by trypsin (Steinberg et al., 1973) was confirmed by Takeichi and posed cell surfaces and allowing the interaction of cell surface binding sites. In a related hypothesis, Curtis (1957) and traced, in hamster V79 lung cells, to its protection of a 150,000 MW cell surface protein against tryptic cleavage L. Weiss (1960) later proposed that Ca 2/ might act by reducing electrostatic repulsion between the negatively charged . A similar, 140,000 MW protein on mouse teratocarcinoma and other epithelial cell surfaces was idencell surfaces. Rinaldini (1958) followed Gray (1926) in suggesting that Ca 2/ might promote coacervate formation betified as a cell adhesion molecule dependent for its activity upon the presence of Ca 2/ (Yoshida-Noro et al., 1984) . A tween macromolecules which thereby form the colloidal ''intercellular cement. '' Coman (1954) , Steinberg (1958) , derelated molecule was discovered on the surfaces of neural cells (Grunwald et al., 1982; Hatta et al., , 1988 Hatta Haan (1958), and Bangham and Pethica (1959) -independent (CI) adhesion is also mediated, in various tissues, by a family of structurally Since either protease treatment or Ca 2/ removal could dissociate at least certain tissues, a study was made of related proteins, the immunoglobulin superfamily (Buck, 1992) , of which N-CAM was the first to be described. A the effects of these treatments, singly or in combination, upon the adhesive properties of chick embryonic neural third, small family of cell-cell adhesion molecules, involved in the inflammatory response (Vestweber, 1992) , are retina cells (Steinberg et al., 1973) . It was found that retinal cells dissociated by removal of Ca 2/ and Mg 2/ and called selectins. The major cell surface receptors mediating cell adhesion to the extracellular matrix are the integrins resuspended in culture medium began reaggregating immediately, whereas cells dissociated by treatment with (Tuckwell et al., 1993; DeSimone, 1994) , a family of heterodimeric cell membrane glycoproteins each member of trypsin in the absence of Ca 2/ and Mg 2/ began reaggregating only after a ''lag'' period of 30 min of incubation. The which consists of an alpha and a beta subunit chosen from a Chinese menu of possible candidates. The various integrins same was true of cells obtained from several other chick embryonic tissues. Full restoration of ''adhesiveness'' (as differ in the matrix components which they recognize. Not all cell surface adhesion-mediating molecules fall into one measured by the initial rate of aggregation) required an additional hour of incubation. It was concluded that ''It of these major categories (e.g., Runyan et al., 1988) . Cadherins , integrins (Marcantonio and Hynes, is likely that trypsinization alters the composition of the cell surface, either by inactivation or removal of materials 1988), and immunoglobulin superfamily members (Grenningloh and Goodman, 1992) but not N-CAM (Hall and necessary for adhesion or by the induction of a rearrangement of surface components. Cells so altered might well have been described in invertebrates as well as vertebrates. Pigott and Power (1993) have presented be nonadhesive during the period necessary for replacement of lost or inactivated surface components or for rea concise series of minireviews describing these adhesion molecule families and their molecular members. Not dealt ordering of the disarranged components.'' It was further found that addition of millimolar Ca 2/ to the trypsin soluwith here are specialized junctions such as desmosomes, tight junctions, zonulae adherentia, gap junctions, and hemtion used for cell dissociation prevented the appearance of the aggregation ''lag,'' the cells beginning to aggregate idesmosomes, all of which make use of cell surface molecules specialized for adhesion to appropriate receptors on immediately. Mg 2/ was without effect. The next major advance was the identification of the first apposed cells or extracellular structures. The roles of cell adhesion molecules as receptors in cell signaling pathways vertebrate cell adhesion molecule, now called ''N-CAM'' (Rutishauser et al., 1976 (Rutishauser et al., , 1977 Brackenbury et al., 1977;  are discussed by B. Gumbiner in this issue. Thiery et al., 1977) . This was closely followed by the discovery that vertebrate cells, like those of cellular slime molds (Beug et al., 1973) , may simultaneously display two differ-
MULTICELLULAR ASSEMBLY PROCESSES:
ent kinds of adhesion mechanisms, one requiring Ca 2/ and
PROPOSED EXPLANATIONS
the other independent of it; that either of these two mechanisms can be temporarily removed from cell surfaces; and that cells displaying either of these mechanisms can coag-''Multicellular assembly'' is used here, by analogy with the term ''self-assembly,'' to describe a set of properties gregate but will not adhere to those displaying the other mechanism. Thus, these two adhesion mechanisms posdisplayed by many embryonic cell populations and referred to elsewhere by such terms as ''self-organization'' and ''tissessed recognition specificity Urushihara et al., 1977; Thomas, 1979; sue reconstruction.'' Essentially, it refers to the ability of many cell and tissue complexes to restore themselves to a specific anatomical configuration after disruption and it plays a major role in the specification of anatomical structure in animals. This subject materialized with H. V. Wilson's discovery that functional marine sponges could be reconstituted from their dissociated cells (Wilson, 1907) . Wilson himself, however, failed to recognize the nature of the reconstitution process.
Tissue Affinities
Between 1939 and 1955, Johannes Holtfreter investigated the behavior of amphibian embryonic cells and tissues, associated in various combinations in vitro (Holtfreter, 1939 (Holtfreter, , 1944a Townes and Holtfreter, 1955) . This work showed that embryonic tissues expressed ''preferences'' in their associations with other tissues and that particular tissue combinations would rearrange, in vitro, to adopt particular arrangements similar to those adopted by the same tissues in the course of normal embryonic development. Even after tissues were totally dissociated into piles of separated cells and these were randomly mixed with cells from other tissues, the intermixed cells could sort out from one another to reconstitute the tissues of origin, often arranged in their proper anatomical relationships. Not only did the various cell types assert associative preferences; they also preferred particular positions -internal, external, or intermediate -within the multicellular aggregates (Fig. 1 ). Holtfreter formulated the term ''tissue affinities'' (''Gewebeaffinitä t,'' Holtfreter, 1939) to describe ''the forces that are instrumental in these processes of attraction and repulsion.'' In an effort to identify the nature of these forces, he adopted a proposal by Rhumbler (1902) that ''the impetus for the movement is provided by a gradient of surface tension between the inner and the outer milieu of the blastula.' ' Holtfreter wrote (1944b, p. 192) , ''We are glad to acknowledge that everything brought forward in the present paper goes to prove the soundness of Rhumbler's basic concep-
FIG. 1.
When the medullary plate and neural fold are combined tion.'' His concept of the origin, location, and action of with endoderm, the medullary material invaginates partially and these putative surface tensions, however, was unclear, as neural fold-derived epidermis caps a mass of neural crest-derived he attributes them at times to the tissues themselves, at mesenchyme which in turn envelops the neural tissue. When dissotimes to the surfaces of the individual cells of which the ciated cells of these same tissues are intermixed, they segregate tissues are composed, and at times to the media in which and rearrange to form a similar structure, following an entirely these cells are bathed. That he considers these tensions different pathway. (From Townes and Holtfreter, 1955.) as being separate from the adhesive properties of the rearranging tissues is clear from his statement that ''whether a graft will infiltrate another cell layer or spread over its surface depends on its intercellular cohesiveness and also Holtfreter (1955) . They reiterated the earlier suggestion that ''if the blastocoel, or the interior of a cell aggregate on the gradient of surface tension between the two tissues'' (Holtfreter, 1944, p. 198) .
in general, contains surface tension-lowering substances, invagination may be due to a kind of cytotactic reaction of the proximal cell surfaces to a gradient of interfacial
Directed Cell Movements and Selective Adhesion
tension between inside and outside of the embryo'' (p. 108). They also assert that ''morphogenetic movements and celThe idea that surface tensions and cohesiveness are two separate parameters which operate independently to speclular adhesiveness obey quite different controlling factors'' (p. 110). In their Summary, they state, ''In consequence of ify tissue configurations was underlined by Townes and directed movements, the different cell types in a composite aggregate are sorted out into distinct homogeneous layers, the stratification of which corresponds to the normal germ layer arrangement. The tissue segregation becomes complete because of the emergence of a selectivity of cell adhesion. . . .' ' (p. 116) .
Although some recent accounts of this subject attribute to Holtfreter the view that ''tissue affinities'' arise from intercellular adhesive selectivity, his actual views of the matter, although quite ambivalent, leaned in a different direction. In a 1966 article on ''Cellular Affinity'' he wrote, ''. . . it has been postulated that in order to account for the tissue-specific directiveness of movements both in the embryo and in the reaggregates one must assume the existence of gradients of some kind to which the innately mobile cells react differently'' (Holtfreter, 1966) . In discussions with the writer in the 1970s, he continued to favor an origin in some sort of directed migration.
Molecular Recognition at Cell Surfaces
Paul Weiss compared Holtfreter's tissue affinities with the selective associations evident among neurons and, drawing upon a line of reasoning relating cell-cell adhesion to antigen-antibody binding, initiated by Jacques Loeb (1922) and ''traceable to Ehrlich,'' offered an explanation for selective cell adhesion in terms of the interlocking of sterically complementary macromolecules in and associated with the cell surfaces ( Fig. 2 ; Weiss, 1941 Weiss, , 1947 . Albert
FIG. 2. ''Slightly modified reproduction of a diagram used pre-
Tyler expressed similar ideas (reviewed in Steinberg, 1958) .
viously [Weiss, 1941] were expressed by Weiss (1950 , p. 183), Curtis (1960 , pp. and other substances.'' (From Weiss, 1947 48-51), and Moscona (1962, p. 67) and discussed in greater detail elsewhere (Steinberg, 1964) . Curtis (1960 Curtis ( , 1961 , seeking an explanation for the inside/outside stratification of segregating cells in mixed cell aggregates, attributed by Holtfreter to directed cell migration, suggested that it resulted the different pathways of cell segregation expected if the segregating cells are guided by directed migration in radial from differences in the rate at which cells of different kinds recover from surface alterations induced by cell dissociadiffusion gradients of chemotactic substances, by differences in intercellular adhesive intensities or according to tion. This became known as the ''timing hypothesis.'' Curtis' ''timing'' mechanism. The sorting pathway actually observed was the one predicted for differential adhesiveness
Behavioral Tests for Underlying Principles (Steinberg, 1962c) . The answer was the same for every situation examined (Steinberg, 1962b (Steinberg, ,c,d, 1963b (Steinberg, , 1964 (Steinberg, , 1970 , In order to obtain evidence capable of distinguishing among directed migration, differential adhesion, and ''timleading to the formulation of the ''differential adhesion hypothesis'' (DAH), which traces these morphogenetic pheing'' as alternative possible mechanisms responsible for progressive cell stratification within mixed aggregates, a series nomena of living cell populations to tissue interfacial free energies arising from cellular adhesive interactions. of situations were contrived in which each putative guiding mechanism would be expected to bring about its own As set forth by the DAH (Steinberg, 1963b (Steinberg, , 1964 (Steinberg, , 1970 , the sorting out of intermixed embryonic cells and the envelopunique pattern of cell or tissue behavior. Figure 3 depicts FIG. 3 . The time course of sorting out of two cell types within a mixed aggregate, as it would appear if brought about through three different mechanisms. Centripetal migration in a diffusion-generated radial concentration gradient (''directed migration'') would produce the pathway shown on the left. Timed changes in cell surfaces following dissociation in the manner proposed by Curtis (1960), leading to a ''herding'' of one class of cells in from the periphery, would produce the pathway shown in the center. Differences in the intensities of cell-cell adhesions (''differential adhesion'') would produce the pathway shown at the right. (After Steinberg, 1964.) ment of one embryonic tissue by another are the homologs, Parenti, 1972; Steinberg and Wiseman, 1972) . The DAH, then, postulates that cell surface adhesive properties cause tissues respectively, of the ''breaking'' of a dispersion or emulsion whose cells are mobile to behave as living liquids (Steinberg, and the spreading of one liquid over the surface of another. If 1962c If , 1963b . confronted as a pair of droplets, oil (of lower surface tension)
The syndrome of behaviors displayed by embryonic cell spreads over the surface of water, while if codispersed in a populations which duplicate behaviors displayed by ordisingle droplet, the dispersion ''breaks'' or sorts out, the oil nary immiscible liquids is illustrated in Fig. 4 and was found again coming to occupy the external surface. The determito include: nants of the above behavior in liquids are their relative surface and interfacial tensions, which are global reflections of the 1. The rounding up of irregularly shaped tissue fragments intensities of cohesion and adhesion between their compotoward a spherical shape. nent subunits (Rowlinson and Widom, 1989) . For a system to 2. The spreading of one tissue mass over the surface of show such behavior it must (1) be composed of many subunits another. which (2) cohere while (3) being motile. In ordinary liquids 3. The sorting out of heterotypic cell mixtures to apthe subunits are molecules and the mobility is thermal; in proach a particular anatomical configuration. rearranging cell populations the subunits are living cells and 4. The pathway by which this cell sorting proceeds (coalescence of smaller islands to form larger ones). their mobility may be either active or passive (Armstrong and employed morphogenetic mechanism but rather an informative consequence of the artificial intermixing of cells. A satisfactory explanation of the morphogenetic behavior referred to by the terms ''tissue affinities,'' ''self-organization,'' ''tissue reconstruction,'' and ''multicellular assembly'' must account for the entire syndrome of coexpressed assembly behaviors enumerated above. By the same token, it should be understood that such an explanation does not extend to other kinds of morphogenetic behavior such as differential growth or tissue bendings and foldings. Harris (1976) presented a number of alternative hypotheses to explain cell sorting, among which his preference was for the ''differential surface contraction hypothesis,'' which holds that, ''The more strongly contractile a given cell type is over its exposed surface, the more internally it should sort out relative to other, less contractile cell types.' ' Jones et al. (1989) proposed that ''relative speed of movement may determine the positioning of cells in heterotypic aggregates,'' faster-moving cell populations tending to envelop slower-moving ones. Referring to the numbered list of associated behaviors presented above, Townes and Holtfreter's directed cell migration in radial concentration gradients could account only for 3 and for 6 if the latter is restricted to sorting out alone. It produces an incorrect prediction for 4 (Fig. 3) and cannot account for 1, 2, 5, or 7. The same is true of Curtis' ''timing hypothesis,'' the postulated changes in cell surface properties upon which it was predicated being initiated by the act of cell dissociation and therefore not applying to the behavior of undissociated tissues. Jones et al. found that the sequence: muscle ú liver ú neural retina described both these chick embryonic tissues' mutual envelopment preferences and the rates of movement of their Friedlander et al., 1989) , tissue spreading, and the achieve- (From Phillips, 1969.) ment of the same anatomical configuration by either pathway in the absence of differences in any other cell property (Steinberg and Takeichi, 1994) . Reviewed below are quantitative physical measurements of intercellular cohesive in-5. The approach to the same final anatomical configuratensities, expressed as tissue surface tensions. These meation by alternative pathways, e.g., cell sorting and tissue surements confirm that the differences in cohesiveness spreading.
required by the DAH to generate the syndrome of multicel-6. The hierarchical ranking of tissues' tendencies to enlular assembly behaviors listed above do in fact characterize velop one another.
the tissues which display these behaviors. 7. The perfect correspondence between the sequence of these spreading potentials and that of the tissues' measured
BASES FOR TISSUE ''RECOGNITION''
surface tension values (described below).
Cell-Aggregating ''Factors''
A number of alternatives to the DAH, described below, have been proposed to explain the sorting out of cells from
With the demonstration in 1962 that the viscous ''ECM'' seen after tryptic cell dissociation was DNA from broken an artificial mixture. Sorting out, however, is not a widely cells rather than the sought-after tissue-specific intercelluefforts to quantify ''cell-cell adhesiveness'' (reviewed in Steinberg, 1964, pp. 359-361) . lar cement, the ECM hypothesis was abandoned in favor of the hypothesis that the tissue-specific ''factors'' held to be Distractive measurements. Measuring the force required to separate adhering cells presents the difficulty that responsible for ''tissue-specific cell adhesion'' might be released from embryonic tissues in soluble form. Such ''facthe plane of deadhesion may not duplicate the plane of adhesion. Moreover, such factors as the plasticity of the adhering tors'' were sought on the basis of an assay evaluating the ability of culture supernates or tissue extracts to promote surfaces and the rate of application of the distractive force will greatly affect the peak ''force of distraction.'' cell aggregation tissue-specifically. From 1962 through 1976, a series of papers appeared, describing such soluble Kinetic measurements. Aggregation rate need not parallel adhesive intensity both because cell adhesions continue tissue-specific aggregation-promoting activities from embryonic neural retina, cerebrum, and spinal cord (reviewed to be strengthened after they are initiated (Phillips et al., 1977; Foty et al., 1996b) and because forward reaction rates in Moscona and Hausman, 1977, and in Lilien et al., 1978) . There was no assurance that the cell surface moieties recogare limited by activation energies which play no role in the intensities of the established adhesions. nized by the ''factors'' detected in this assay were cell adhesion molecules and the significance of such substances Thermodynamic measurements. The parameters of intercellular adhesiveness utilized by the DAH are thermody-(Rutz and Lilien, 1979; Krishna Rao and Hausman, 1993) in normal intercellular adhesion remains unclear. However, namic, expressible alternatively as reversible works of adhesion/cohesion between cell populations or as interfacial free from 1976, the identification of certifiable cell adhesion molecules filled the gap previously occupied by ''aggregaenergies at cell population surfaces/interfaces and measurable as surface and interfacial tensions. These are the physition factors.'' cal parameters known to guide the rearrangements of molecules in liquid systems. The first effort to make quantitative measurements of
Measurement of ''Intercellular Adhesiveness''
''adhesiveness'' between embryonic cells was that of Roth and Weston (1967; Roth, 1968) . Measuring the rates at Although tissue-specific ''aggregation factors'' had been sought as a basis for tissue-specific cell adhesion, it was far which labeled cell suspensions derived from chick embryonic cartilage, liver, and pectoral muscle initiated adhefrom evident that the ability of vertebrate embryonic cells to adhere to each other is in general tissue-specific. All of sions to established aggregates of the same kinds, they found a striking preference for the initiation of ''self'' over Holtfreter's combinations of tissues from early amphibian embryos cross-adhered (1944b; Townes and Holtfreter, ''nonself'' adhesions (Roth, 1968) . Similar selectivity was obtained between chick or mouse liver and heart and be-1955). If dissociated cells from virtually any vertebrate embryonic tissues are mixed together, they will first coaggregtween liver and retina. This was the first demonstration of tissue-selective adhesion between vertebrate embryonic ate before sorting out. Steinberg and Roth (1964) pointed out that these facts did not require any change in cellular tissues. Because the relative adhesion probabilities between like and unlike cells measured in these kinetic adhesive properties from ''nonspecific'' to ''specific'': ''So long as cells are mutually adhesive, they will aggregate upon assays differed from the relative reversible works of adhesion deduced from the configurations adopted by similar adequate contact. Only after they come together would preexisting adhesive differentials be provided with the opportu-(although not identical) tissue combinations, Roth wrote, ''Either the probability of adhesion being measured is not nity to effect a reorganization of the intrinsically motile cells into more stable patterns.'' Subsequently, Roth oba good indicator of work of adhesion, or work of adhesion is not playing its postulated role in sorting out.'' Moyer tained results which could be interpreted as indicating that freshly dissociated chick embryonic liver and retina cells and Steinberg (1976) subsequently measured the rates at which equal-sized spherical aggregates of chick embryonic may initially adhere to each other nonselectively before developing a selectivity in the probability of initiating new liver, heart, and retina initiate adhesions to one another under standardized conditions, finding the sequence L-L § adhesions (Roth, 1968) .
There was no hint in the view that cell adhesion is tissue-
They concluded that ''in general, the heteronomic combination adhered more specific that the assembly behavior of different tissues could be codified under a common rule or that cell populations slowly than either homonomic combination of the set,'' in agreement with Roth's finding. Comparison of this rate expressing identical adhesion systems could nevertheless be immiscible. Clarification of the situation required the sequence with the sequence of relative adhesion intensities deduced from the observed equilibrium configurations apmaking of measurements of intercellular adhesiveness, but ''adhesiveness'' being an informal term lacking any single proached by these tissue combinations confirmed that the rate measurements show greater preference for ''self'' than physical definition, it was first necessary to consider what kinds of measurements would be appropriate in these cirthe deduced relative adhesion intensities. Validation of the DAH requires the demonstration that cumstances.
Three inherently different kinds of measurements-distissues displaying the assembly properties it offers to explain actually possess liquidlike surface tensions the meatractive, kinetic, and thermodynamic-have been made in sured values of which consistently predict their mutual homophilic adhesive sites are randomly distributed on the cell surfaces, (2) the areal frequency of bonds formed bespreading tendencies. The liquidity of such tissues (meaning their possession of mechanical properties characteristic tween these sites is proportional to the probability of their apposition when the cells bearing them are apposed, and (3) of liquids rather than of solids, as described earlier) has been demonstrated (Phillips and Steinberg, 1969; Phillips et al., the intensity of adhesion between two cells is proportional to the areal frequency of bonds formed between them. It 1977; Phillips and Steinberg, 1978; Phillips and Davis, 1978; Steinberg and Poole, 1982; Foty et al., 1994 Foty et al., , 1996b . The turned out that in this model system the two cell populations are immiscible. The minimal free energy configurafirst measurements of the surface tensions of such liquid tissues were relative rather than absolute but fell in the tion of the combined cell populations (i.e., the configuration in which the number of cell-cell bonds is maximized) is a sequence required to account for the tissues' mutual spreading preferences (Phillips and Steinberg, 1969; Phillips et al., sphere within a sphere, in which the cells with the smaller number of binding sites are segregated from and totally en-1977; Phillips and Davis, 1978) . Davis (1984) reported the first numerical values of tissue surface tensions, for subsurvelop those with the greater number (Steinberg, 1963b) . Thus it was shown, in theory, that for two cell populations face amphibian ectoderm, mesoderm, and endoderm, and Foty et al. (1994 Foty et al. ( , 1996b have recently reported numerical to be immiscible their utilization of different molecular adhesion systems is not required, although of course it is values for the surface tensions of five chick embryonic tissues. In every instance these values, reflecting the intensipermitted. The advent of genetic engineering made possible experities with which the tissues cohere, correctly predict which of two mutually immiscible tissues will tend to spread over ments to determine empirically the consequences of creating differences in the cohesiveness of two cell lines which the surface of the other.
are otherwise identical. Friedlander et al. (1989) showed that greater vs lesser expression of N-cadherin in two subEmergent Recognition Specificity: Tissue, Cell, and clones of transfected sarcoma S180 cells is sufficient to
Molecule
cause them to sort out to a certain extent after initial coaggregation. Steinberg and Takeichi (1994) utilized a pair of What, however, determines whether two cell populations will mix or segregate? Must not the ability of cell populatransfected L cell subclones differing only in the number of P-cadherin molecules expressed on their surfaces. L cells tions to distinguish ''self'' from ''nonself'' and segregate from one another upon that basis require qualitative distinctransfected to express a high level of this homophilic cell adhesion molecule segregated internally to their low-extions between their component cells, and must these not in turn require the action of cell type-specific molecular pression counterparts. Moreover, when aggregates of these two cell lines were paired, aggregates expressing the lesser recognition markers? It has been taken to be common sense that emerging ''negative affinity'' (Holtfreter, 1939 ) must amount of P-cadherin spread over and enveloped those expressing the greater amount. The number of cadherin molereflect qualitatively differing recognition specificities of the segregating cells. This was the conviction underlying the cules expressed by such cell lines has recently been shown to specify the surface tension of their cell aggregates (Foty postulation of tissue-specific ''aggregation factors '' (Moscona, 1960 '' (Moscona, , 1962 '' (Moscona, , 1968 Lilien and Moscona, 1967) . Howand Steinberg, 1995; Foty et al., 1996a) . Differences in the mere numbers of identical cell adhesion molecules exever, as was pointed out at the time, the thermodynamics of miscibility/immiscibility in liquids specifies the precise pressed on cell surfaces are therefore shown to be sufficient to cause both cell sorting and tissue spreading and to deterconditions under which they will be immiscible (i.e., ''segregate''). Translated into cellular terms, the heterotypic admine which of two cell populations spreads over the surface of the other. There is no reason to think that these two hesion need by no means be extremely weak. It may even be stronger than the weaker of the two kinds of homotypic subclones should differ in chemotactic responsiveness, surface contractility, speed of movement, or, indeed, in any adhesions. Two cell populations should be immiscible if the binding energy between them (''heterotypic'') is merely parameter previously postulated to underlie these assembly behaviors other than intercellular adhesiveness. lower that the mean value of the two individual cell populations' binding energies (Steinberg, 1963b (Steinberg, , 1964 (Steinberg, , 1970 .
The ability of adhesive cells to adhere to others from the same species is not in general cell type-specific, the major To examine the above conclusion, one may ask whether a simple difference in the quantity of identical ''homophilic'' molecular adhesion systems generally being expressed in cells of many different tissues. As for the ability of adhesion (self-associating) adhesion molecules expressed at their respective cell surfaces would be sufficient to render two cell systems or molecules to cross-react, it was established in the 1970s that cells possessing only CD adhesion (cadherinpopulations immiscible in the absence of any other differences between the cells. This question has now been anmediated) do not adhere to cells bearing only CI (immunoglobulin superfamily) adhesion systems, as was stated earswered both theoretically and experimentally. In 1963, it was approached mathematically by calculating what the lier. The ability of individual members of an adhesion superfamily to cross-react has been studied mainly with the equilibrium configuration of such a pair of cell populations might be. This was done by considering the theoretical becadherins, with varying results. Although it is sometimes generalized that cadherins interact only ''homophilically,'' havior of two model cell populations in which (1) identical
